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OBJECTIVE 

The objective of this program i s  refinement and economic optimi- 
zation of techniques for  fabrication of thick integral coverslips for silicon solar  
cells. An a p r io r i  assumption i s  that integral  coverslip cel ls  must  show a def- 
inite superiority over conventional glued cover slip cells. The consequences of 
this assumption provide natural  guidelines for  selection of candidate coverslip 
mater ia l s ,  possible fabrication techniques and environmental tes t  end points. 
Specifically, a l l  coverslip mater ia l s  that a r e  h o w n  to significantly degrade un- 
der  ultraviolet, proton or  electron irradiation must  be categorically excluded 
f rom consideration. Similarly,  a l l  fabrication techniques that a r e  inherently 
deleterious to the cel l  s t ruc ture  itself must  be rejected. Finally, the environ- 
mental and radiation t e s t  end points must  be at  leas t  a s  severe  a s  those encount- 
e red  with glued coverslip cells. F o r  ease  in comparison, final testing i s  to be 
done on cel ls  with 6 mi l  integral  cover slips. 
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SUMMARY 

Ion Physics  Corporation's proprietary high vacuum sputtering pro- 
c e s s  has been shown to  be well  suited to the deposition of integral SiO2 cover- 
sl ips onto silicon so lar  cells. Since, however, this process  has  a ra te  limita- 
tion and the deposited SiO2 i s  s t ressed ,  it i s  important to examine other pro- 
ces ses  that could more  quickly deposit l e s s  s t r e s sed  SiO2 over an initial high 
vacuum sputtered layer. B 0th reactive sputtering and electron beam evapora- 
tion have been investigated a s  a means of building up coverslip thickness. To 
date, i t  has not yet been possible to deposit satisfactory thick layers  of S i02  by 
either of these processes .  

Reactively sputtered Si02 layers  a r e  hard  and well bonded, but 
thick fi lms suffer f r o m  physical and optical inhomogeneities and cannot yet be 
considered acceptable for integral coverslip cells. The problem i s  thought to 
be associated with backscattering of SiO2 onto the Si cathode and subsequent 
dispersion of this S i02  in fragment form. Investigation i s  continuing and i t  i s  
anticipated that these problems may be solved by conversion of the present  dc 
apparatus to an R F  o r  R F  plus dc system. 

Although electron beam evaporated SiOZ i s  well bonded, i t  i s  invar- 
iably of poor physical quality. Since s imi lar  soft, 'frothy' mater ia l  has been 
produced not only by IPC but by outside vendors as  well, this approach has  been 
discontinued. The propert ies  of A1203 suggest it may be a bet ter  possibility 
f o r  electron beam evaporation and effort  i s  now to be concentrated on this ma- 
terial .  Initial resu l t s  have been encouraging. 

Integral  coverslipped cells have been fabricated by high vacuum 
sputtering with up to 8 mi ls  of SiOZ. The quality of the Si02 i s  excellent. How- 
ever ,  cells with thick cover slip layers  exhibit ser ious curvature resulting f rom 
the s t r e s s e s  in the Si02. The s t r e s s  problem i s  under investigation. 

The cel l  t e s t  resu l t s  show every indication that when the deposition 
ra te  and s t r e s s  problems have been solved, thick integral coverslips deposited 
by the techniques under development will satisfy a l l  integral  coverslipping tech- 
nical  requirements.  

In some a reas ,  the following report  gives only a summation of r e -  
sults and conclusions. Detailed discussions may be found in previous Quarter ly 
Reports. 
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INTRODUCTION 

While development of thick so lar  cel l  integral  coverslips proceeds 
directly f rom the accomplished development of thin integral cover slips, the path 
to  the goal i s  technically difficult. Moreover, a variety of unexpected obstacles 
has been encountered. These technical problems, coupled with basic economic 
considerations, have forced some program modification. 

The major  point of integral coverslip development i s  to  eliminate 
UV and radiation damage of the adhesive used to attach glued coverslips. A 
secondary aim i s  to give an improved ce l l  power/weight ratio, through use of 
thinner (2 to 5 mil)  coverslips, without increasing coverslip costs. (Thin glued 
slips a r e  more  expensive than thick glued slips.) A te r t ia ry  a im i s  to  provide 
some measure  of cel l  edge insulation and junction protection. These aims a r e  
guided by a f i r m  realization that integral coverslips must  not only be tech~nically 
superior  to glued slips, but must  also be economically competitive. P r i o r  to  
inception of this contract, IPC had attained these goals for 1 mi l  SiOZ cover- 
slips and was proceeding with equipment for production quantities. While this 
slip thickness i s  sufficient for many space missions,  thicker slips a r e  required 
for  many others. 

Several a p r io r i  technical limitations influence the development of 
integral coverslips. In the f i r s t  place, no t ransparent  inorganic mater ia l  i s  a 
good thermal  expansion match with silicon. This fact has two ramifications. 
F i rs t ly ,  a l l  high temperature deposition processes  would be doomed to fai lure 
since either the ce l l  would fracture or  cell-slip bond would yield, on the post- 
deposition return, to room temperature.  Secondly, since a l l  deposition pro- 
ces  s e s  require  some elevated temperature o r  equivalently energetic impingment 
of mater ial ,  the cell-coverslip bond will be stressed. This suggests use of a 
deposition process  that maximizes the strength of bond. Previous experience 
with IPC1s  proprietary high vacuum sputtering process  suggested i t  was suited 
to  this requirement. The second a pr ior i  limitation i s  that of the total  of t rans-  
parent inorganic mater ials ,  only fused silica and sapphire a r e  known to be suf- 
ficiently radiation resis tant  to  be acceptable. (Organic mater ials  were not con- 
s idered in this program to  have a l l  the necessary  qualities for  good coverslips.) 

F r o m  the limitations noted above and the features of high vacuum 
sputtering, it appeared reasonable that this process  should allow deposition of 
integral S i02  (or A1203) cover slips that satisfy environmental requirements. 
Such was found to be the case  for coverslips up to 2 mils  thick. Since this con- 
t r a c t  called for slips up to 20 mi ls  thick, two paths could be followed. In the 
f i r s t  place, high vacuum sputtering could be used to deposit the entire slip. In 
the second approach, a different deposition technique would be used to build-up 
slip thickness over an initial high vacuum sputtered slip. These twin approaches 
were  initially based on economic considerations. The obtainable SiOZ deposition 
ra t e  f rom high vacuum sputtering i s  something under l o 4  A/hr. While scaling 



up high vacuum sputtering equipment to simultaneously slip a large number of 
cells i s  a straight-forward engineering task, increasing the deposition ra te  i s  
technically difficult. Consequently, a large high vacuum sputtering sys tem 
capable of simultaneously slipping seve ra l  thousand cel ls  to 3 mi ls  i s  econom- 
ically feasible, whereas devoting a machine to  very long runs on thicker cover- 
sl ips i s  not economically attractive. Thus, the two process  path was favored. 

A l i te ra ture  survey indicated that only reactive dc sputtering of Si 
(or  Al) and electron beam evaporation of S i02  (or A1203) were  useful a s  build- 
ing up techniques. This choice was made on the bas is  of thermal  processing 
limitations and deposition rate.  It should be noted that the bond strength r e -  
quired between the two Si02 (or Al203) layers  would not have to be as large a s  
that required at  the cell-slip interface since the only s t r e s s  at  the fo rmer  in- 
te r face  would be due to s t r e s s  inherent in the second stage deposition process  
itself. Thus, processes  that a r e  unacceptable for the initial layer could be 
used for  building up thickness. 

The unexpected element was the la rge  s t r e s s  inherent in the high 
vacuum sputtering process .  At present ,  this s t r e s s  appears to preclude de- 
position of a l l  high vacuum sputtered slips thicker than approximately 6 mils.  
While a bet ter  understanding of the origin of this s t r e s s  may allow a revision 
of these figures,  i t  i s  likely that these s t r e s s  levels a r e  inherent to  the high 
vacuum sputtering process .  Thus, a two process  thick coverslip would be 
desirable technically a s  well  a s  economically. 

Unfortunately, neither electron beam evaporation of Si02 nor dc 
reactive sputtering of Si a t  IPC has proved to be capable of giving optically 
acceptable thick layers  of SiOZ. Electron beam evaporation of S i02  has  been 
thoroughly investigated a t  IPC and also with outside vendors. Of the over 300 
samples  run at  IPC, no thick SiOZ layers  approaching optical quality were  ob- 
tained. This appears  to have been due to evaporation of devitrified SiO2. The 
presence of devitrified Si02  in the evaporation charge i s  caused by the extreme- 
ly high viscosity of molten Si02  and, consequently, the need for a geometrically 
large charge. An expensive production electron beam evaporator that has  been 
built by others  might eliminate this problem, but indications a r e  that the r i sk  
i s  a poor one in view of the high cost. Consequently, electron beam evaporation 
of SiO2 has  been abandoned. 

On the other hand, electron beam evaporation of A1203 has been 
quite encouraging. Approximately 50 samples  have been run with Al203. The 
much lower viscosity of A1203, a s  compared to Si02,  makes this evaporation 
much easier .  Work on electron beam evaporation of A1203 will be continued. 
The pr ime advantage of electron beam evaporation i s  i t s  high deposition rate. 

Similarly,  dc reactive sputtering of Si has  not produced optically 
acceptable thick SiO layers.  While over 300 samples have been run in the 
various modifications of this system, al l  thick Si02  layers  a r e  optically 



inhomogeneous. The inhomogeneity i s  a frothy white material  not SiO,. No 
evidence of SiOx has been observed in properly prepared layers. The cause of 
the optical inhomogeneity i s  now thought to be known. It can only be eliminated 
by sputtering at much power pressures.  However, this reduces the deposition 
ra te  to an unacceptable level. It i s  reported that dc + RF reactive sputtering 
in the t o r r  range gives deposition rates equivalent to those observed with 
dc reactive sputtering in the 1 o - ~  t o r r  range. Implementation of this approach 
i s  now in progress.  

Since the other processes have not produced acceptable Si02 layers,  
all  thick cover slips have been produced by high vacuum sputtering. While slips 
up to 8 mils thick have been produced, slips over 6 mils  thick spontaneously 
fracture the cell  at  some time after slip deposition. Approximately 400 cells 
have been run by this process. In most cases,  the slip thickness was contin- 
ually increased until the cell  fractured o r  the slip delaminated. During the 
early par t  of the contract, delamination was a major problem. This particular 
delamination problem has been essentially eliminated by improved pre-deposi- 
tion cell  cleaning techniques and improvements in the quality of the Ce02 anti- 
reflective layer upon which the cover slip i s  deposited. Delamination of slips 
coated in certain regions of the high vacuum sputtering system has recently 
been observed. While this phenomenon i s  little understood at present, it ap- 
pears  to be associated with higher than normal s t r ess  in the cel l  and slip. In 
the case of thick slips, cracking of the cells during the run has often been ob- 
served. While this appears again to be a s t r e s s  phenomenon, the slip thickness 
obtained before the cells cracked has followed a learning curve. Presently 
cells with 6 to 7 mi l  slips can be prepared without cracking during deposition. 
One 8 mil  slip was prepared. It spontaneously cracked several  weeks after 
preparation. I t  should be noted that thick slips which a r e  not delaminated at 
the end of the deposition cycle do not delaminate on repeated rapid tempera- 
ture cycling between 77 and 373°K. Moreover, thick slip cells that crack, 
either during o r  after deposition, a r e  not delaminated. Refinement of the high 
vacuum sputtering process and investigations on the source of the inherent 
s train in the cells a r e  being mainly supported by IPC, but a r e  reported here. 
These investigations will continue. 

Environmentally, the Si02 integral coverslipped cells have exhib- 
ited no measurable degradation under rapid temperature cycling between the 
previously noted temperature limits, prolonged exposure to UV radiation in 
hard vacuum at 100°C and exposure to 1015 protons-cm'2 a t  400 keV. 
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SECTION 1 

BENDING STRESS IN INTEGRAL COVERSLIP CELLS 

Growth of a layer  of any mater ia l  onto another mater ia l  having dif- 
fe rent  mechanical character is t ics  generally resu l t s  in inherent s t r e s s  of the 
deposited layer. Such s t r e s s  i s  present  to varying degrees in integral  cover- 
sl ips deposited by a l l  available techniques. Curvature of the ce l l  a s  a resul t  of 
coverslip s t r e s s  presents  the most  ser ious problem st i l l  to be overcome in the 
development of practical,  thick integral  coverslip cells. Thick, highly s t r e s sed  
cover slips resul t  in ser ious bending which can complicate mounting and may 
f r ac tu re  the cell. 

As slip thickness increases ,  the coverslipped a r e a  of the ce l l  be- 
comes curved into a segment of a spherical  surface.  Developmental work has 
been done with 1 x 2 c m  cel ls  which, for  the purpose of estimating s t r e s s e s  in 
the silicon and coverslip,  will be considered to bend along their  2 c m  dimen- 
sion only. Neglecting curvature along the shorter  dimension allows the prob- 
lem to be t reated a s  bending of a simple beam. 

During coverslipping, cel ls  a r e  f ree  to  bend continuously a s  the 
slip thickness increases .  The coverslip mater ia l  i s  deposited a t  maximum 
s t r e s s  but this s t r e s s  becomes partially relieved a s  deposition continues and 
ce l l  curvature increases .  Consequently, s t r e s s  in the coverslip var ies  smooth- 
ly f rom a maximum at  the outer surface to a minimum at  the cell-coverslip 
interface. Figure 1 shows the s t r e s s e s  that exist  in a ce l l  allowed to bend 
continuously a s  a s t r e s sed  coverslip mater ia l  i s  applied. Maximum s t r e s s  in 
the Si i s  seen to  be near  the Si02-Si interface. 

Figure 2 i s  a plot of cel l  bow a s  a function of slip thickness f o r  a 
se r i e s  of high vacuum sputtered Si02  coverslipped cells. Bow in this case  was 
measured,  a s  shown in the figure inser t ,  by clamping one end of the cell  and 
measuring the deflection of the other end. Simple geometric considerations 
can be used to show that f r o m  this measurement  the radius of curvature,  r ,  i s  
well  approximated by: 

where Q i s  the length of the ce l l  (2 cm)  and Z i s  the measured bow. The rad-  
ius of curvature calculated using the experimental data of Figure 2 i s  shown in 
Figure 3 a s  a function of coverslip thickness. 

The requirement that the cell  be in static equilibrium allows f i lm  
s t r e s s  to be calculated a s  a function of measured curvature. Development of a 
rigorous analysis to  include the effects of thick coatings, par t ia l  s t r e s s  relief 



S t r e s s  Magnitude Represented by Arrow Length 

Figure  1 S t r e s s e s  in  an Integral  Covers l ip  Cel l  



Figu re  2. Ce l l  Bow a s  a Function of High Vacuum Sputtered 
In tegra l  S i 0 2  Covers l ip  Thickness  (1 x 2 c m  15 m i l  Thick Cells]) 



COVER SLIP THICKNESS 
( m i l s )  

Figu re  3. Radius of Curva ture  of High Vacuum Sput tered 
Integral  S i02  Covers l ip  Ce l l s  (1 x 2 c m  1 5  mil Ce l l s )  



through bending, and different Young's modulus of ce l l  and coverslip i s  com- 
plex but has  been ca r r i ed  out by Brenner  and Senderoff.(l) F o r  the case where 
the substrate i s  f ree  to bend a s  the coating i s  applied, the maximum s t r e s s  at  
the outer surface of the coating i s  approximately given by: 

where: 

S = maximum s t r e s s  in coating 
max(coating) 

E = Young's modulus of substrate  
S 

t = substrate  thickness 

E = Young' s modulus of coating 
C 

d = coating thickness 

r = radius of curvature of coated substrate  

It can be shown that in the substrate  the ze ro  s t r e s s  line l ies  approximately 
two-thirds of the substrate  thickness f rom the cell-coating interface. Then 
the maximum s t r e s s ,  Smax(substrate), in the substrate  i s  approximately: 

F o r  silicon so lar  cel ls  fabricated f rom (1 11) silicon, Young's mod- 
ulus in the (1 11) plane i s :  (2) 

If the value of Young's modulus f o r  the Si02 high vacuum sputtered coverslip i s  
taken to be 10.4 x 1011 dynes/cm2, then Equations (2) and ( 3 )  can be used to 
est imate the maximum s t r e s s  in both the Si and Si02. The resu l t s  a r e  shown 
in Figure 4. The s t raight  lines shown in this figure a r e  the calculated maxi- 
mum s t r e s s e s  corresponding to the straight line drawnthrough the original data 
of Figure 2. Contrary to expectation, the maximum s t r e s s  in the S i02  appar- 
ently increases  with slip thickness. Maximum s t r e s s  in the coverslip occurs  
a t  the outer surface and i s  thought to  be determined entirely by the character-  
i s t ics  of the deposition process.  Because coverslip s t r e s s  i s  partially relieved 
through bending, constant outer surface s t r e s s  infers  that cel l  bow should in- 
c rease  l e s s  than linearly with slip thickness. The fact that the experimental 
data indicate a l inear increase  may be attributed to an unexplained mechanism 



COVER SLIP THICKNESS (mi ls)  

Figu re  4. Maximum S t r e s s  in S i02  and in Si  of In tegral  
Cover  s l ip  Cel ls  Produced by High Vacuum Sputtering 



o r  to  the limited amount of thick slip data available and to  measurement  uncer- 
tainty. As more  thick s l ip  resu l t s  a r e  obtained, this conclusion will be r e -  
examined. 

The maximum s t r e s s  in the coverslip i s  f a r  below the ultimate com- 
press ive  strength of S i02 ,  s o  that there  i s  no problem of catastrophic collapse 
of the SiOZ. However, it i s  seen that application of a 7 mi l  integral SiOZ cover- 
sl ip produces maximum s t r e s s  in the silicon substrate  equal to approximately 
25% of the single c rys t a l  silicon mechanical f rac ture  threshold of 3. 5 x 109 
dynes/cm2. (3 )  The presence of such high tensile s t r e s s  appreciably increases  
the susceptibility of the ce l l  to catastrophic failure. 





SECTION 2 

MATERIALS 

The f i rs t  requirement on candidate coverslip materials i s  that they 
be almost totally transmitting in the range 0. 4 to 1. 1 microns over which the 
solar cell i s  capable of useful energy conversion, and also that they remain al- 
most completely non-absorbing in this band after ultraviolet, electron and pro- 
ton exposure. Available, physically acceptable, stable materials which meet 
this requirement a r e  fused silica (SiOz), Al2O3, Si3N4, MgO and lead glasses. 
Initial experimental work with several lead glasses indicated that their thermal 
expansion characteristics a r e  incompatible with those of silicon to the extent 
that they cannot be considered feasible integral coverslip materials. 

Of the four remaining materials, the properties of the f i r s t  two, 
SiO2 and A1203 a r e  best known and appear most compatible with the require- 
ments of an integral cover slip cell. Consequently, experimental effort to date 
has involved only these, with emphasis concentrated on Si02. 





SECTION 3 

DEPOSITION TECHNIQUES 

3. 1 High Vacuum Sputtering 

The proprietary IPC high vacuum sputtering process  utilizes a 
focused ion beam propagating through a high vacuum region to sputter the t a r -  
get material .  At operating p r e s s u r e s  below 10-4 t o r r ,  mean f r e e  path of the 
sputtered molecules i s  f a r  grea ter  than the ta rge t  to  substrate  distance which 
insures  that the sputtered molecules reach  the substrate  without collision and 
a t  maximum energy, thereby resulting in substrate  surface penetration and 
excellent bonding. As the thermal  expansion coefficients of a l l  possible cover- 
slip mater ia l s  a r e  considerably different f rom that of silicon, excellent bond 
charac ter i s t ics  a r e  required in o rde r  that the cel l  will be able to survive ther-  
ma l  cycling without cover slip delamination. 

Figure 5 i s  a schematic diagram of a typical IPC high vacuum sput- 
tering system. Several  such machines a r e  presently being used fo r  covelrslip 
develop'ment work. Use of high vacuum sputtering resu l t s  in the deposition of 
excellent quality, high purity, well bonded coatings onto the substrate. How- 
ever ,  this process  i s  ra te  limited which makes i t s  use for the entire applica- 
tion of thick coatings economically undesirable i f  other more  rapid techniques 
can be developed to build up acceptable quality mater ia l  onto a well-bonded 
underlayer. At the present  t ime, in the absence of such techniques for  rapid 
build-up, development of thick coverslips must  utilize long-term deposition in 
the high vacuum sputtering machines. 

Deposition ra te  in the high vacuum sputtering machines i s  typically 
about 6000 Q h r - I  of SiOZ Therefore,  application of thick slips requires  ap- 
proximately 65 hours p e r  mi l  of Si02. Deposition r a t e  can be increased lin- 
ea r ly  with beam current  density but only with increased  sys tem complexity. 
However, i t  i s  comparatively easy to maintain s imi lar  beam current  density 
(and deposition r a t e )  but increase  deposition a r e a  in o rde r  that l a rge r  numbers 
of cel ls  may be coated simultaneously. An IPC production sputtering machine, 
shown in Figure 6, has  been designed to accommodate severa l  thousand cells 
p e r  run. 

Integral S i02  coverslips up to 8 mils  thic.k have been fabricated by 
high vacuum sputtering onto 1 x 2 cm, 15 mi l  thick cells. However, as  dis- 
cussed in Section 1 of this  report ,  cel ls  with high vacuum sputtered Si02  cover- 
sl ips of such thickness a r e  curved and highly s t ressed.  The radius of curva- 
tu re  of the one 8 m i l  coverslip cel l  produced was approximately 27 c m  which 
made it difficult to mount properly for  e lectr ical  testing. The s t r e s s e s  in the 
4 to  8 mi l  coverslip cells fabricated were  so large that the cel ls  were  fragile 
and fractured under relatively mild shock. Some of these cel ls ,  the single 8 
mi l  coverslip ce l l  fo r  instance, survived normal  handling for  severa l  weeks 
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Figure 6 Production Cover slip Apparatus 



and then spontaneously f rac tured  while in storage. When a cell  f rac tures ,  
although i t  seems likely that failure of the silicon occurs  f i r s t ,  the cell  and 
coverslip f rac ture  together to give a number of individual fragments,  each 
s t i l l  bonded a t  the cell-coverslip interface. 

During the ear ly  period of this  development program, delamina- 
tion of the coverslip during and shortly af ter  application was a ser ious prob- 
lem. In addition to this,  i t  was found that temperature cycling resulted in the 
onset of peeling of the coverslip a t  ce l l  corners .  The cause of delamination 
was t raced  to a combination of inadequate cell  cleaning pr ior  to sputtering, 
unsatisfactory quality CeO2 in the anti- reflective coating and to contamination 
of the sputtering beam through contact with the chamber or i f ice  and mechan- 
i ca l  components. Improved cleaning techniques utilizing a high p res su re  spray  
of hot solvent have eliminated bond fai lure  resulting f rom t r a c e s  of impurit ies 
trapped between the ce l l  and coverslip. Minor changes and introduction of 
rigid quality control in the evaporation procedure for application of the Ce02  
led to anti-reflective fi lms which a r e  sufficiently well  bonded to the silicon to 
prevent delamination. Solution of the l a s t  of the noted delamination problems 
was  attained by modification of the sputtering apparatus to improve beam con- 
t r o l  and insure  that none of the beam s t r ikes  the chamber. 

The low deposition ra te  of high vacuum sputtering without an ade- 
quate alternative high r a t e  p rocess  makes production fabrication of S i02  inte- 
g r a l  coverslips t ime consuming, i f  thick coverslips a r e  required. The cel l  
curvature resulting f rom the application of thick integral  coverslips requi res  
special  handling and mounting techniques. Significant reduction of the s t r e s s  
problem causing the curvature must  be accomplished before ce l l s  with thick 
integral  coverslips could gain widespread acceptance. F o r  this purpose, two 
approaches a r e  being pursued: 

(1) determination of the mechanism responsible for the 
s t r e s s  and development of appropriate correction, 

(2) development of techniques which resul t  in the deposi- 
tion of uns t ressed  or  only moderately s t r e s sed  cover-  
s lip mate rial. 

The fo rmer  approach involves a careful  study of the effects of charges in sput- 
tering conditions on ce l l  s t r e s s  levels while the la t ter  study involves investi- 
gation of building-up techniques other than high vacuum sputtering and/or ma- 
t e r i a l s  other than SiOZ. 

Cel l  curvature a s  a resul t  of coverslipping has been a n a l y ~ e d  in 
detail  in Section 1. Similar curvature and s t r e s s  occur in Si02 coatings grown 
at high temperature.  In this  case,  the s t r e s s  i s  due to  thermal  expansion mis-  
match (cell  curvature has  also been reported in  deposition of R F  sputtered Si02  
cover slips). Since curved samples a r e  obtained when high vacuum sputtered 



Si02  i s  deposited onto thin Si02 coverslides,  the observed cel l  curvature i s  
not associated with thermal  expansion coefficient mismatch. Curvature in 
the case  of high vacuum sputtering i s  due to an inherent fi lm s t r e s s  that in- 
c r e a s e s  with fi lm thickness. This s t r e s s  could a r i s e  f rom severa l  causes. 
F i rs t ly ,  i t  may be due to limited surface mobility of the incident Si02 on the 
growth face.  If this were  the case,  elevated substrate tempera tures  should 
increase  surface mobility and thus lower cel l  curvature. Cover slip deposition 
a t  substrate  tempera tures  of 27"C, 120°C, 230°C and 400°C all, however, r e -  
sulted in s imilar  cell  curvature. This indicates that either limited surface 
mobility i s  not the main problem or ,  and more  likely, pract ical  substrate 
tempera tures  a r e  insufficient to produce the necessary  surface mobility. A 
more  probable source of the f i lm s t r e s s  i s  that high vacuum sputtering pro- 
ceeds through the deposition of highly energetic molecules. The considerable 
kinetic energy (up to 100 ev) of these molecules allows them to penetrate the 
growth face into previously deposited material .  This penetration would resul t  
in gradual expansion of the deposited layer nea r  the surface and consequently 
increased s t r e s s  and cel l  curvature. This mechanism i s  obviously a case of 
essentially zero  surface mobility. 

Annealing of coverslipped cel ls  at  tempera tures  up to  450°C pro- 
duced no measurable  change in their  curvature. As the coefficient of thermal  
expansion of Si i s  grea ter  than that of SiOZ, it i s  expected that at  elevated 
temperatures ,  cel l  curvature should be reduced. This was checked by heat- 
ing seve ra l  cel ls  on a hot plate while their  curvature was observed. At  up to 
500°C, there was no measurable  change in cel l  curvature. In another experi- 
ment, a 2 mi l  thick Si02  s l ip  was removed, partially intact, f rom a cover- 
slipped ce l l  by heating to 800 "C in a C12 atmosphere. Where radius of curva- 
tu re  of the complete cel l  had been approximately 70 cm, the radius of the f ree  
S i02  slip was roughly 5 cm. These resul ts  suggest that energetic sputtered 
mater ia l  does, indeed, penetrate the growth face into the previously deposited 
mater ial ,  thereby forcing the surface of the sputtered coating to expand. The 
other sur face  then becomes increasingly longer a s  sl ip thickness increases .  
It should, however, be noted that this penetration produces the tight SO2-Si  
bonding that i s  required for  cover slip retention during thermal  cycling. 

Investigations to determine means of reducing s t r e s s  associated 
with high vacuum sputtering of thick Si02  will be continued, since i t  i s  the only 
technique that has been shown to be capable of producing the bond strength r e -  
quired for  sat isfactory bonding of thick coverslips. Once a strong bond has 
been formed between the cover slip mater ia l  and the cell, however, the same 
mater ia l  deposited by another less  adherent but more  rapid process  may then 
be used to build up the thickness a s  the conditions on bond strength required 
of this process  a r e  l e s s  stringent. 



Reactive Sputtering 

Good, thick reactively sputtered fi lms of SiO2 have not yet been 
made. Thick f i lms suffer f rom physical and optical i n h o m ~ g e n e i t y , ~  the cause 
of which i s  thought to be known. Si02 deposition ra tes  of 25 x 1 o3 A hr-  ' have 
been observed. 

Many modifications of the reactive sputtering apparatus have been 
made in the effort  to improve fi lm quality. Stage-by-stage modifications and 
their  effects a r e  detailed in ea r l i e r  reports .  The present  arrangement  of the 
sys tem i s  shown in Figure 7. Although reactively sputtered Si02 i s  now sup- 
e r i o r  in quality to that produced ea r l i e r  in the program, i t  s t i l l  exhibits inho- 
mogeneity to a degree that i t  cannot yet be considered acceptable f o r  the build- 
ing up process.  

As i t  now stands, the major  problem seems  likely to be explained 
by analogy to the work of Janus and ~ h i r n ( ~ )  a s  backscattering of sputtered Si02  
onto the silicon cathode. When thin S i02  fi lms a r e  sputtered, the quantity of 
S i02  backscattered onto the cathode i s  very smal l  and does not interfere  with 
sputtering. However, a s  the S i02  builds up, the cathode may become patchy 
and at some point breakdown will then occur through these dielectric islands. 
This might directly dislodge macroscopic par t ic les  of the backscattered Si02  
which would then float to  the substrate  to be overcoated o r ,  because of the en- 
ergy density in the discharge, devitrification of the Si02 islands might a lso 
occur along with detachment. Backscattering can be decreased by reduction of 
the p res su re  but unfortunately decreased deposition r a t e  would also result. As 
R F  and RF plus dc reactive sputtering processes  yield high deposition ra tes  a t  
lower gas p r e s s u r e s ,  they will be employed in future work. 

3. 3 Electron Beam Evaporation 

Work on electron beam evaporation of S i02  has  been dropped be- 
cause of poor results.  All thick Si02  deposited by electron beam evaporation 
has been both highly s t r e s sed  and physically inhomogeneous. The deposited 
mater ia l  was invariably relatively soft, had low refract ive index and contained 
a high density of second phase optical scattering centers.  These inhomogen- 
eit ies a r e  thought to be associated with evaporation of devitrified Si02. F i l m  
quality could not be significantly improved through variation of the evaporation 
conditions. Thick evaporated Si02 supplied by severa l  outside vendors was of 
s imi lar  unacceptable quality. Although equipment could possibly be designed to 
produce good thick evaporated Si02, construction costs  would be prohibitive and 
consequently i t  has  been decided to discontinue work on Si02  in favor of a more  
attractive alternate,  A1203. 

A major  difficulty in the electron beam evaporation of S i02  i s  that 
the molten s i l ica  does not flow but instead c r a t e r s  in  the beam, thereby making 
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i t  difficult to  maintain a broad evaporating surface.  The viscosity of molten 
A1203 i s ,  on the other hand, sufficiently low for flowing to  occur and a good 
surface i s  maintained. Electron beam evaporation of A1203 has  been quite 
successful .  While quoted deposition r a t e s  a r e  approximately one-fifth those 
of S i02 ,  r a t e s  of 300 x 103 A h r -  l should be obtainable f r o m  a 2 kw gun with 
10 inch gun-substra te  spacing. (Because A1203 i s  a lmost  twice a s  dense a s  
SiO2, only half the A1203 thickness i s  required.)  A limited number  of runs 
have been made in which good quality thick A1203 has  been evaporated over  a 
thin layer  of high vacuum sput tered A1203. Adherent f i lms up to  2 mi l s  thick 
have been deposited. Substra te  cleaning appears  t o  be m o r e  c r i t i ca l  f o r  evap- 
orated R1203 than i t  was fo r  evaporated Si02. With proper ly  cleaned sub- 
s t r a t e s ,  2 m i l  A1203 f i lms  can be tempera ture  cycled f r o m  - 196°C to tlOO°C 
without delamination. The evaporated A1203 does not appear  to  be a s  highly 
s t r e s s e d  a s  evaporated Si02. This work will  be continued. 



SECTION 4 

CELL TESTING 

V acuum-UV Environment 

Tes t  1 

Two integral  coverslip cel ls  were  s tored for  500 hours at  100 f 1 OC 
in a vacuum of 2 to 8 x 10' to r r .  No weight loss  o r  physical deterioration of 
the cells was observed. 

Tes t  2 

With UV irradiat ion capability added to the vacuum environment ap- 
paratus ,  s ix  1 x 2 c m  cel ls ,  three regular  and three  with 1 mi l  Si02 integral  
coverslips were  subjected to 509 hours exposure to the UA-2 mercury  vapor 

2 lamp a t  approximately 20 mw/cm . Cell temperature was 130 * 2 OC and p res -  
s u r e  was 2 to 8 x 1 0 ' ~  tor r .  

In this run, the mercury  vapor lamp was installed inside the vac- 
uum chamber. Continuous operation of the lamp in vacuum resulted in evapora- 
tion of cement f r o m  the lamp ends. This contaminant was deposited in the fo rm 
of a thin f i lm over the cel ls  and throughout the entire vacuum chamber. Be- 
cause of the presence of the film, the t e s t  was interrupted after 156 hours and 
the cel ls  were  tested before resumption of the irradiation. The data a r e  tabu- 
lated in Table 1. 

The changes in the uncoverslipped cel ls  l ie  within the measurement  
uncertainty and could be partially due to the contaminating film. The changes 
in coverslip cel ls  53-19 and 53-37 a r e  real,  but a r e  attributed to the fact that 
these cel ls  were  made ear ly  in the program when delamination was yet an un- 
solved problem. The coverslips of these cel ls  had delaminated at  the corners  
during the UV irradiation. Delamination resu l t s  in light 10s s through scat ter-  
ing. The changes in output charac ter i s t ics  of cel l  A61-12A which did not begin 
delaminating a r e  equivalent to those of the uncoverslipped cells. 

T e s t  3 

To eliminate the problem of contamination of the cells and vacuum 
system by evaporated mater ia l  f rom the UV lamp, the light source was re -  
mounted outside the chamber and a 6 inch diameter by 0. 5 inch thick Dynasil 
fused s i l ica  window was used to t ransmi t  the UV onto the cells. The window 
transmission i s  grea ter  than 90% down to 2800 and falls to 5070 at  approxi- 
mately 2100 A. System geometry was such that intensity a t  the t e s t  cel l  laca- 
tion was approximately 20 mw/cm2 a s  in the previous test. 



T a b l e  1. Vacuum-UV S t o r a g e  No. 2 R e s u l t s  

T u n g s t e n  
Ef f i c i ency  

(% 

:I: C o v e r s l i p  beginning  t o  l i f t  no t i ceab ly  

C e l l  

623B- 1 

623B-4  

623B- 11 

53-19  

53 - 3 7 

A61-12A 

A v e r a g e  Ef f i c i ency  Change  

Imp 
( m a )  

71 
70 
71 

7 4  
73 
75 

75 
74  
74  

74 
70 
70 

77 
72 
7 4  

74 
74  
72. 5 

T y p e  

R e g u l a r  

R e g u l a r  

R e g u l a r  

C o v e r s l i p  

C o v e r  s l i p  

C o v e r s l i p  

yGp 
0. 4 6  
0. 46  
0 . 4 5 5  

0 . 4 6  
0 .46  
0. 45  

0. 455 
0. 45 
0. 45 

0 .45  
0. 45  
0 .45  

0 . 4 5 5  
0 .455  
0. 445 

0. 45  
0 . 4 6  
0. 45  

C e l l  T y p e  

R e g u l a r  

C o v e r s l i p  

C u r v e  
F a c t o r  

0. 765 
0. 765 
0 .755  

0 . 7 6  
0. 76 
0. 76 

0. 75 
0. 74  
0. 74 

0 .725  
0. 72 
0. 73 

0. 745 
0. 75 
0. 735 

0. 73 
0. 76  
0. 75 

H o u r s  of 
I r r a d i a t i o n  

I n i t i a l  
156  
509 

I n i t i a l  
156  
509 

I n i t i a l  
156  
509 

I n i t i a l  
156  
509  

I n i t i a l  
156  
509 

I n i t i a l  
156  
509  

E x p o s u r e  

156  h r  
509  h r  

.15 6 h r  
509  h r  

Is, 
(ma) 

77 
76 
77 

8 1  
79 
8 0  

8 1  
8 1  
8 1  

8 2  
78 
78 

8 4  
79 
8 1  

82  
80  
78 

P e r c e n t  of I n i t i a l  E f f i c i ency  R e m a i n i n g  

98. 2 
98. 5 

96. 8 
95. 8 

voc  
(V) 

0. 555 
0. 555 
0 .555  

0 .555  
0. 56  
0. 555 

0. 56 
0. 555  
0. 555 

0 . 5 6  
0. 56  
0. 555 

0. 56  
0. 555 
0. 555 

0. 555 
0. 56  
0. 56  



Three  unslipped cel ls  and three  1 mi l  Si02 integral  coverslip cells 
(all 1 x 2 c m  x 15 mi l  thick n/p cel ls  with 7 finger contacts) were  tested for  500 
hours. The data i s  summarized in Table 2. One of the coverslip cells was ac- 
cidentally broken during removal f r o m  the chamber after 500 hours. The other 
two coverslip cel ls  confirm that UV degradation of sputtered integral  cover slip 
cel ls  i s  well within measurement  e r r o r .  

4. 2 Proton Resistance 

4. 2. 1 Front  Surface Irradiation 

A l l  cells tested were  1 x 2 c m  15 mi l  thick n/p cel ls  with 1 to 2 mi l  
integral  Si02 coverslips.  

T e s t  1 

Two cel ls  were  i r radiated to  1015 protons/cm2 by 400 kev protons. 
Contact bar  metallization was of insufficient thickness (- lo4 A) to  prevent r a -  
diation damage in  the silicon immediately below the contact bar. Consequently, 
the cel ls  exhibited reduced Voc and curve factors.  Annealing in argon at  4:00°C 
for  1 hour res tored  pre- i rradiat ion output character is t ics .  Results a r e  given 
in Table 3. 

T e s t  2 

Four  cells were  successively i r radiated to 1013, 1014 and 1015 
protons/cm2 at 400 keV with a metal  mask  covering the unslipped contact bar. 
The resu l t s  of this t e s t  a r e  tabulated in Table 4. 

The listed values of AM0 solar  efficiency a r e  based on conversion 
of relative spec t ra l  response data to an absolute efficiency by means of a com- 
puter program. Overal l  accuracy of testing procedures i s  estimated to be 
approximately * 3%. 

The coverslips on al l  the cells of this t e s t  were  at  least  1 mi l  thick 
which i s  m o r e  than adequate to  stop 400 keV protons. Cells G4-45 and 6 5 -  17 
had been i r radiated in the previous proton t e s t  and subsequently annealed a t  
400°C for  1 hour to r e s to re  their  initial character is t ics .  A smal l  fault devel- 
oped in the coverslip of G5- 17 during the annealing and became noticeably l a r -  
ger  during irradiation. The degradation in  performance of G5- 17  i s  attributed 
to  the growth of this bubble. Cells 64-44 and G4-45 had two smal l  (- 1 x 2 m m )  
notches etched through the coverslip on the 2 c m  edge opposite the contact bar. 

The resul ts  demonstrate that integral coverslip cells with properly 
protected contact bars  can withstand, without significant degradation, exposure 
to a high flux of protons of energy insufficient to penetrate the coverslip. 



T a b l e  6. V a c u u m  UV S t o r a g e  No. 3": 

* 1 x 2 c m  x 15 mi l  thick n/* (10 ohm-cm) ce l l s  with 
standard 7 finger contact 

** Broken after storage but before reading 



Table 7. Front  Surface Proton Irradiation T e s t  No. 1 

A f t e r  Anneal 



Table 8. Front  Surface Proton Irradiation Tes t  No. 2 

Curve  Fac tor  

A M 0  Efficiency ( O / o )  

Curve  Fac tor  

A M 0  Efficiency (%) 

* This  ce l l  had a growing coversl ip  blemish. . . 



4.2.2 Back Contact Irradiation 

To determine the necessity of protecting the back surface of the 
solar cell  a s  well a s  the front surface against damaging radiation, the r e a r  
contacts of solderless  cel ls  have been i r radiated with 400 keV protons. The 
data f r o m  one such t e s t  i s  tabulated in Table 5 and I-V character is t ics  of a 
typical cel l  a r e  shown in Figure 8. 

Under the 400 keV protion bombardment, performance degradation 
begins at  a fluence of approximately 1012 protons/cm2. Efficiencies drop to 
5070 of init ial  values at  approximately 1. 5 x 1 013 protons/cm2. The degrada- 
tion i s  thought to resu l t  f r o m  a radiation damaged high resistivity layer  im- 
mediately beneath the back contact. 

Cel l  mount assemblies  utilizing solid backing behind the cells pro-  
vide adequate protection against this type of radiation damage. However, open 
grid modules which leave the r e a r  surfaces exposed would require  additional 
protection. As indicated a t  the bottom of Table 5, exposure of the r e a r  con- 
tact  surface of a ce l l  having a 1. 3 m i l  integral  S i02  coverslip over the r e a r  
contact to 1014 protons/cm2 produced no reduction in ce l l  efficiency. (A smal l  
portion of the surface left without coverslip in order  to  facil i tate e lectr ical  con- 
tact  was protected during the proton bombardment.) Similar irradiation of un- 
protected cells resulted in 90% degradation (see Figure 8). 

Electron Irradiation 

Shielding complications in the operation of the 2 MeV Van de Graaff 
generator prevented completion of electron resis tance testing. Since the pro- 
g r a m  funding was exhausted on other phases of the program, it was decided to 
forego electron testing until sometime in the contract extension. This i s  ex- 
pected to have no noticeable effect on program performance since electron deg- 
radation should be only a bulk mater ia l  effect, and therefore consistent with 
previous resul ts  obtained by many investigators. , 

Coverslip Results 

Anti-reflective coatings for  silicon so lar  cel ls  a r e  generally peaked 
a t  approximately 6000 A in order  to  maximize the product of the so lar  spectrum 
and the photon response spectrum of the cell. At wavelengths other than that 
for which reflection i s  minimized, the anti-reflective coating spec t ra l  reflect- 
ance never  exceeds the reflectance of the uncoated substrate.  Total anti- 
reflection a t  a specific wavelength occurs  when reflections f rom the upper 
and lower surfaces of the coating a r e  equal in  amplitude and opposite in phase. 
This requires  that the coating thickness be an odd integral  multiple of quar te r  
wavelengths and that the refract ive indices be related by: 



Table 5 .  B a c k  Cel l  C o n t a c t  P r o t o n  I r r a d i a t i o n  

:k A l l  c e l l s  1 x 2 c m ,  an t i - re f l ec ted ,  c a r b o n  a r c  AM0 condi t ions  

2 
~ r o t o n s / c m  

In i t i a l  

1011 

1012 

1013 

o 1 

In i t i a l  

1 0 l 4  

ISC 
( m a )  

64.1 
65. 0 
64.2 
65.5  
68. 0 

64. 0 
63. 2 
63.0 
63. 0 
67. 0 

64. 0 
64. 2 
63. 7 
63. 6 
67. 7 

63. 5 
60. 1 
63. 0 
62. 6 
59 .7  

36.0 
25 .7  
31 .6  
26 .8  
27 .1  

64.0 

62.0 

c ell:: 

T3- 78 
T3-  79 
T3-80 
T3-81 
T3-82 

T3- 78 
T3-79 
T3-80 
T3-81  
T3-82 

T3- 78 
T3-  79 
T 3  - 80 
T3-81 
T3-82 

T3- 78 
T3-  79 
T3-80 
T3-81 
T3-82 

T3- 78 
T3-  79 
T3-80 
T3-81  
T3-82 

'ce11with1'3mi1 
q u a r t z  c o v e r s l i p  
o v e r  r e a r  con-  

I t  a c t  

V~~ 
(volt)  

0 .557 
0. 561 
0 .555  
0 .556  
0. 560 

0. 552 
0. 556 
0.551 
0. 552 
0. 558 

0. 552 
0. 560 
0. 552 
0. 554 
0. 558 

0. 507 
0. 521 
0. 510 
0. 516 
0 .514  

0.365 
0.392 
0 .374  
0.382 
0 .391 

0.567 

0 .574 

I 
rnP 

( m a )  

5 6  
60 
59 
5 9  
62 

58 
60 
58  
5 9  
61 

57 
59 
58 
5 7  
61 

42 
44  
45  
42 
42 

1 8  
15 
1 5  
15 
1 6  

59 

58 

v 
m p  

(volt)  

0.450 
0. 456 
0 .453 
0 .454 
0. 440 

0.450 
0.450 
0 .446 
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Figure 8. I -V Character is t ics  of (Solderless) Cell  T3-80 
Bombarded by 400 kev Protons on Back Surface 



n - 
layer - ?j n o n ~ i  

where nlayer and nsi a r e  the refract ive indices of the anti-reflective layer and 
silicon, respectively, and no i s  the index of f r e e  space in the case  of a bare  
ce l l  and of the coverslip mater ia l  for  an integral  coverslip cell. In the case  of 
the bare cell, assuming a refract ive index of 4 for Si, optimum index of the 
coating should be: 

and for an Si02 coverslip cell: 

C e 0 2  has  refract ive index 2. 35 to make it an excellent mater ia l  for  
use with coverslip cells but l e s s  suited for  uncoverslipped cells. A cell  with a 
CeOZ anti-reflecting layer  should exhibit an efficiency increase  of approxi- 
mately 1% after coverslipping. On the other hand, SiO, a commonly used anti- 
reflective coating mater ia l  which has index 1. 95 produces bet ter  anti-reflection 
charac ter i s t ics  on cel ls  without coverslips,  but shows a loss  on application of a 
coverslip. Shown in F igure  9 i s  the fraction of incident intensity reflected a s  a 
function of wavelength f rom ba re  and $overslip cel ls  using C e 0 2  o r  SiO anti- 
reflective coatings optimized to 6000 A. Included in the coverslip curves i s  
the 3. 570 loss  f r o m  the Si02 surface. The refract ive index of adhesive mate- 
r i a l  i s  neglected. I t  can be seen that SiO i s  the better mater ia l  on the ba re  cel l  
and that C e 0 2  i s  superior  for  the coverslip cell. The overal l  improvement 
through coverslipping in anti-reflection of a cel l  with Ce02  coating i s  a lso 
apparent. MgF2 may be used to  reduce reflection at  the Si02 surface.  

In principle, a cel l  with a t ransparent  integral  coverslip and pro-  
per ly selected CeO2 anti-reflective coating a t  the cell-cover slip interface 
exhibits grea ter  absolute efficiency than the same ce l l  in the absence of the 
coverslip. But, although anticipated, this  resu l t  has  so  f a r  generally not been 
observed in the development of sputtered integral  coverslip cells. It i s  found 
that, a s  a resu l t  of the coverslipping operation, a few cells gain in efficiency, 
a few show significant efficiency loss  and most  remain approximately the same. 
Tungsten I-V charac ter i s t ics  before and after cover slipping of two cel ls  with 
5 mi l  integral  Si02 slips a r e  shown in Figures  10 and 11. Cel l  A61-2B showed 
only sma l l  tungsten efficiency loss  f r o m  13. 370 before coverslipping to 12. 970 
after,  while 623A-54A experienced anomalously large degradation f r o m  13. 6% 
to 11. 2%. 

A sample of 35 cel ls  was tested before and after application of 2 
mi l  integral coverslips.  Average efficiency af te r  coverslipping was found to 
be 9 9% of the init ial  aver age efficiency. Apparently during the covers  lipping 









operation, cell  degradation occurs  which i s  partially masked by the gain due to  
the presence of the coverslip. The most  logical causes of the degradation a re :  

(1) damage to the ce l l  by sputtering, 

( 2 )  light absorption in  the coverslip, 
( 3 )  l i g h t s c a t t e r i n g f r o m s c a t t e r i n g c e n t e r s i n t h e c o v e r s l i p .  

Tes t s  have indicated the sputtering damage loss  to be approximately 1. 570 of the 
initial efficiency. The mechanism for this damage i s  not understood a s  the 800 

0 

A layer  of C e 0 2  used a s  anti-reflective coating should be sufficient to prevent 
penetration of the sputtered mater ia l  to the silicon. Moreover,  no observable 
change occurs  in the C e 0 2  layer  thickness o r  refract ive index. Transmission 
of high vacuum sputtered Si02  in the 0. 4 to 1. 1 micron wavelength band i s  suf- 
ficiently high that efficiency loss  through absorption i s  l e s s  than 170 pe r  mi l  of 
coverslip. A typical absorption curve for SiOZ i s  plotted in Figure 12. Effi-  
ciency loss  a s  a resu l t  of light scattering f rom scattering center  defects in the 
S i02  i s ,  in general,  completely negligible. However, a few of the integral  
cover slip cel ls  produced have exhibited these scattering centers  while remain- 
ing acceptable in al l  other aspects. Loss  even in these extreme cases  has  not 
exceeded 1%. 



Figure 12. Absorption pe r  m i l  of High Vacuum Sputtered SiOZ 
as a Function of Wavelength 





SECTION 5 

FUTURE PLANS 

Work will continue on deposition techniques for producing thick 
integral  coverslips. In addition to high vacuum sputtering, R F  and dc sputter- 
ing investigations will be continued. These techniques will  also be applied to 
A1203, a s  well a s  Si02. 

Analysis of the s t ra in  exhibited in the deposited mater ia l  and tech- 
niques to reduce the s t ra in  and/or accompanying s t r e s s  in the silicon will be 
investigated. Use of A1203 instead of S i02  may also lead to an overall  s t ra in  
reduction. 

Testing of the cel ls  with integral  coverslips will be continued a s  
required by the work statement. 
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